A pulse-treatment of embryos of Picea abies (L.) Karst with cytokinin efficiently and reproducibly induces the coordinate de novo formation of bud primordia from subepidermal cells. The cytokinin treatment also affects the germinative development of the embryo; chloroplast maturation is delayed, and cell elongation is completely suppressed. We have analyzed the protein patterns in developing spruce embryos with the aim of identifying proteins which are differentially synthesized during early bud-differentiation and germination. In addition to a set of major seed storage proteins and a large set of constitutively synthesized proteins, we distinguish two sets of proteins that showed different patterns of synthesis in relation to germination. One was synthesized at high rates during germination, and the second set during postgerminative seedling development. Twenty-two proteins were differentially synthesized in the bud-induced versus the germinating embryos. Interestingly, all 22 belonged to either the germination phase-abundant or the seedling protein sets, whereas the constitutively synthesized proteins were unaffected by the treatment. Proteins synthesized exclusively in bud-induced embryos were not found. In total, the bud-induction treatment caused a maintenance of a protein synthesis pattem typical for the germination phase in the nontreated embryos, and the de novo formation of buds was not preceded by a major change in gene expression in the tissue.
The capacity of many somatic cells to respond to external stimuli by a developmental reorientation toward the formation of new organs or even entire new plants is unique to cells from higher plants. The mechanisms by which development is regulated in plants are largely unknown. However, endogenously produced hormones (auxins, cytokinins, gibberellins, abscisic acid, ethylene, etc.) take part in the regulation in vivo, and exogenously added growth factors are extensively used to direct morphogenesis in cells and tissue explants cultured in vitro.
One growth factor-controlled event that is common to a variety of plants is the de novo formation of shoot apices mediated by cytokinin. We have initiated an analysis of the early stages of one such event, the formation of adventitious ' This work was supported by grants from the Swedish Council for Forestry and Agricultural Research and the Swedish Natural Sciences Research Council to P. E., and from the Jacob Wallenberg Foundation to T. E. buds in seed embryos of Norway spruce, Picea abies (L.) Karst. In this gymnosperm the formation ofadventitious buds can be induced in vitro from different organs by treatment with cytokinins (for review, see 23) . Isolated seed embryos, when cultured in vitro, develop into plantlets in a manner similar to the development of the seedling in the seed. A pulse treatment with a cytokinin, benzyladenine, efficiently inhibits the normal development, and instead within several weeks adventitious buds develop from subepidermal cells in the hypocotyl and cotyledon parts of the embryo. The formation of adventitious buds in embryos occurs through a series of morphologically distinct, and well characterized stages. The induction is reproducible and very efficient, routinely close to 100% of the embryos form buds (22) . The first distinguishable, morphological differences between bud-induced and control embryos (treated with water and allowed to germinate in vitro) occur at approximately 4 d after isolation and treatment (24) . This corresponds to the time at which germination ofseed embryos is complete, e.g. the radicle protrudes through the seed coat. At this time the cells in the cortex layer, which typically divide during the germination phase, stop dividing in the control embryos, and instead become vacuolized. In contrast to this, cells in the hypocotyl of cytokinin-treated embryos continue to divide very actively. Within the following 6 to 8 d a meristematic cell-layer is formed and cells around stomata develop into meristemoids. Until this stage the process is well synchronized, both between embryos and within each embryo (24) . Adventitious bud primordia and adventitious buds are observed after 3 weeks in culture and continue to form during the following weeks (25) . Upon culture under appropriate conditions such buds can be regenerated to plantlets.
In this report, we describe an analysis at the level of protein synthesis of the first phase in the development of adventitious buds. We wanted to investigate whether the alteration in development that results from the cytokinin treatment is preceded by or associated with an altered gene expression pattern in the embryo. We have monitored the changes in protein synthesis from the time of isolation and treatment of the embryos until the time, 11 d after treatment, when meristematic centers start to form. In addition we have done a similar analysis of the development of seedlings that germinate in vitro. Germination-related alterations in protein synthesis have previously been described in other plants (5, 19) . A comparison of these two developmental processes has allowed us to identify a number of spruce proteins which are synthesized in correlation with different germination-related events.
MATERIALS AND METHODS

Plant Material
Seeds of Picea abies (L.) Karst 8.5 ). Five to 20 mg of material was extracted in 300 ,uL of buffer. The extracts were heated for 3 min at 95°C and insoluble material was removed by centrifugation for 10 min at 14,900g. To remove excess nucleic acid, 2 to 5 mg crystalline protamine sulphate (Sigma) was added per mL of supernatant ( 15) . The suspensions were incubated on a mixer for 5 min at room temperature and then centrifuged for 10 min at 14,900g. When needed this procedure was repeated. The cleared supernatants were diluted with sample buffer and samples containing equal amounts of protein or radioactivity, respectively, were subjected to SDS-PAGE (1 1). For isoelectric focusing, protein from the supernatants was precipitated by the addition of 4 volumes of acetone containing 2% (v/v) 2-mercaptoethanol and incubated at -20°C for 20 min. Protein was collected by centrifugation, the pellets rinsed with 80% acetone and thoroughly dried under vacuum. Dry pellets were solubilized in a small volume of 4% (w/v) SDS and then diluted in urea buffer consisting of 9 M urea, 4% (v/v) Nonidet P-40, 2% (v/v) 2-mercaptoethanol, and 2% (v/v) ampholines (LKB, Bromma, Sweden) (18) .
Gel Electrophoresis
For one-dimensional separations samples were developed on 12 to 18% (w/v) gradient polyacrylamide gels in the presence of 0.1% (w/v) SDS (11) . Gels were stained with Coomassie brilliant blue R-250 (0.025% (w/v) in 20% (v/v) methanol, 7% (v/v) acetic acid) or silver stained according to Morrissey (16) . The apparent mol wt of proteins were estimated from their migration in the gel in relation to that of standard proteins with known molecular weights (Electrophoresis Calibration Kit, Pharmacia).
Two-dimensional separation of proteins was performed according to O'Farrell (18) Dried one-or two-dimensional gels were subjected to autoradiography directly or to fluorography with preflashed film at -70°C, after PPO-treatment as described by Skinner and Griswold (20) .
Evaluation of Autoradiograms
Autoradiograms were produced from samples derived from the hypocotyl part of embryos labeled in vivo with [35S] methionine at d 0, 1, 3, 5, 7, 9, and 11, after treatment with benzyladenine, and from control embryos treated with water. The relative rates of synthesis of individual proteins were evaluated on each autoradiogram, in relation to total radioactivity in the sample, by comparison to a number ofreference proteins, and to the complete protein pattern. The temporal pattern of synthesis of proteins was evaluated by pairwise comparisons of autoradiograms derived from the seven different labeling occasions. Differences between autoradiograms in the intensity of spots that were larger than twofold were considered to be significant, and differencees that occurred in at least two independent experiments are listed in Table I . The same criteria were used to distinguish proteins which (Fig. lb) . The growth kinetics that these embryos exhibit closely resembles that of seed-embryos in situ; a germination phase that lasts for 3 to 4 d is followed by a phase of postgerminative seedling development which is initiated by the elongation of the hypocotyl (data not shown).
The growth of the bud-induced embryos during the first 3 d in culture was very similar to that ofthe in vitro-germinating embryos. After this time, however, the bud-induction treatment resulted in an almost complete inhibition of elongation growth (Fig. lb) . The bud-induced embryos showed a linear increase in weight throughout the period (Fig. la) . In these embryos bud primordia started to form at 12 to 14 d after treatment.
Changes in Protein Composition and Synthesis in Embryos Germinating in Vitro
The patterns of protein composition and synthesis in embryos during the first 11 d after isolation are shown in Figures  2 and 3 . High protein synthesis activity was recorded already within 7 h after isolation (Fig. 3) . A significant proportion of the most abundant proteins in the hypocotyl part of embryos was synthesized to approximately the same relative extent throughout the investigated period (Fig. 3, lane 1 to 4) . Alterations in the protein patterns occurred over the whole period we have studied; however, three sets of proteins that showed different temporal patterns of synthesis in relation to germination can be distinguished. The first set is comprised of embryo-specific proteins that were present in the mature embryo but were not synthesized during germination or early seedling development. As shown in Figure 2 a few very abundant proteins constituted a large fraction of the total protein in mature embryos. The quantitatively major change in protein metabolism in the germinating embryo was the fast and complete degradation of these proteins within 2 d after the onset of germination. Dominant species are indicated by large arrows in lane 1, and have apparent mol wt of 42,000, 33,000, 22,000 and <14,000. These proteins accumulate during late embryogenesis and are also very abundant in the female gametophyte (I Hakman, P Stabel, P Engstrom, unpublished data). By these criteria, we operationally define these proteins as seed storage proteins. A number of less abundant proteins, indicated by small arrows in Figure 2 , lane 1, showed similar characteristics as regards their metabolism in the embryo, and thus can be considered also to belong to this category of embryo-specific proteins.
A second set of proteins (indicated in Fig. 3 , lane 1) was synthesized at high relative levels in the newly isolated embryos, and during the first 3 to 5 d of development in vitro, but at lower levels, or not detected after this time. Since the period of high level-synthesis of these proteins coincided with the germination phase, we refer to them as germination phaseabundant proteins.
A distinct fraction of the most abundantly produced proteins at d 11 was not produced at detectable levels at the onset of germination, but appeared during germination or early seedling development (indicated in Fig. 3, lane 4) . Typically, proteins in this third category continued to accumulate throughout the investigation period (Fig. 2 , indicated in lane 4), and were also found at high relative levels in the fully developed seedling (Fig. 3, lanes 9, 10) . We refer to these proteins as seedling proteins.
To increase the resolution, the protein complement from the hypocotyl of in vitro-germinating embryos was analyzed by two-dimensional gel electrophoresis. This type of analysis was performed on material labeled and collected on d 0 and at 2-d intervals betwen d 1 and d 11. Pairwise comparisons of autoradiograms derived from embryos in different stages of development allowed a determination of the rate of synthesis of individual proteins in relation to germination.
The results show that 500 to 600 proteins could be routinely resolved by the method. By a detailed analysis of about 200
proteins (see "Materials and Methods") we found that approximately 75% were synthesized constitutively in the in vitro-germinating embryos during germination and early seedling development. In total we have identified 45 proteins which reproducibly showed a developmental stage dependence in their rates of synthesis (Table I) . Proteins 5, 6, 9, 33, 34, and 37 shown in Figure 4 , a, b, c, and proteins 40, 56, 65, 71, and 72 in Figure 5, a, b (Figs. 4d and 5d ) was indistinguishable from that of the in vitro-germinating embryos (Figs. 4 a, and 5a) . Differences between the embryo categories in the rates of synthesis of individual proteins were first detected on d 1 after treatment when protein 24 was synthesized at reproducibly higher rates in the in vitro-germinating as compared to the bud-induced embryos (Fig. 5, b and e). The synthesis of this protein continued to increase in the in vitro-germinating embryos (Fig. 5c) Figure 4 , proteins 23, 25, 26, 58, 60, 63, and 77 shown in Figure 5 , and protein 47 (not shown). In the in vitro-germinating embryos these 14 proteins all had the seedling protein type ofdevelopmental dependence in their synthesis (see previous section); synthesis at low levels during germination followed by an increase in relative rate of synthesis starting between d 3 and d 5. In the bud-induced embryos the increase in synthesis of these proteins was distinctly delayed or suppressed. The apparent negative effect of the bud-induction treatment on several additional proteins shown in Figures 4 and 5 was not reproducible, and thus most likely not related to the bud-induction treatment (see "Materials and Methods").
The reverse effect, a significantly increased rate of synthesis in the bud-induced as compared to the in-vitro-germinating embryos, was observed for eight proteins (Table I) . These are proteins 6, 7, 33, 34 (Fig. 4) germination phase-abundant category in the in-vitro-germinating embryos, and thus declined in relative rate of synthesis after d 3 to d 5. In the bud-induced embryos, however, they continued to be synthesized at high rates until d 7 (protein 33, Fig. 4 (4, 27) , gibberellic acid and abscisic acid (13, 17) , and cytokinin (2). This difference is not due to a general difference in the level of detection between the experimental systems. Instead we believe it may be related to the biological properties of the plant material used for the analysis. The embryos used in our work are ontogenetically young, intact organisms in a state of rapid development; a period of activation of the metabolism and heterotrophic growth is followed by cell differentiation and a major switch in development to autotrophic growth. We suggest that many gene products and functions that are induced by cytokinintreatment of mature tissue explants may already be active in the germinating embryo. Therefore, in agreement with our observations, the major impact on gene expression related to the cytokinin induced processes, would occur at the transition from germinative to postgerminative development. Consequently, the proteins we identify as being differentially synthesized in the in-vitro-germinating versus the bud-induced embryos, are in fact likely to have functions directly linked to germination and/or seedling development. This suggestion is strongly supported by the fact that the 22 proteins we have found to be influenced in their synthesis by the bud-induction treatment all belong to one of two categories which show a developmental stage dependence in their synthesis also during germination in vitro; e.g. the germination phase-abundant or the seedling proteins. This is in spite of the fact that among the proteins we have analyzed only 25% belong to these categories. Thus, the quantitatively major effect of the cytokinin treatment on gene expression is closely related to the regulation of development.
The detailed information available (24) on the effects of the treatment on the morphology of the embryo, allows us to tentatively link some of the described proteins to specific germination-related events: First, the major change in protein composition ofthe in-vitro-germinating embryo occurs within the first 24 h of culture. This is the degradation of a set of embryo specific proteins. The most abundant of these we conclude are the major seed storage proteins of Picea abies, and have mol wt of 42,000, 33,000, 22,000, and <14,000. The degradation of these proteins is not affected by the cytokinin treatment. Second, 23 proteins were abundantly synthesized specifically during d 0 to d 3 in correlation with germination (Fig.  6 ). These are likely to have functions related to the germination process, e.g. proteases and lipases involved in the mobilization of storage material would belong to this category, as has been shown in other plants (3, 26 treated material (Fig. 6 , germination phase-abundant proteins, black bar).
Third, proteins which we refer to as seedling proteins, typically appear after 3 to 5 d in culture, and then continue to increase in synthesis throughout early seedling development (Fig. 6) . Most of these proteins are likely to be found also in mature tissues. Eight seedling proteins show the same pattern of synthesis in the bud-induced embryos as in the invitro-germinating control embryos. The most distinct developmental process that can be observed at the cytological level to occur during the period of peak synthesis of these proteins, and which is not suppressed in bud-induced embryos is the differentiation of vascular tissue (S von Arnold, personal communication). These eight proteins are candidates for proteins involved in this process. The synthesis of 14 additional seedling proteins was distinctly delayed or completely suppressed in bud-induced versus in vitro-germinating embryos (Fig. 6 , seedling proteins, black bar). This subclass of seedling proteins includes candidates for ones with functions relating to developmental processes in the seedling, which are suppressed in the bud-induced embryo, e.g. cell elongation and chloroplast maturation. In support of this hypothesis we find that two of the major constituents of the chloroplast, the large subunit of ribulose-1,5-bisphosphate carboxylase and the Chl a/b binding protein are synthesized at a significantly lower rate in bud-induced material. Furthermore, we have identified one of these proteins (protein 63, Table I ) as a component of the photosystem II oxygen-evolving complex (our unpublished data). This result confirms and extends the findings of Ellis and Judd (6) from embryonic cotyledons of Pinus ponderosa, but is in apparent disagreement with a number of studies which show a stimulatory effect of cytokinin on chloroplast development (1, 9) and the expression of chloroplast related genes (7, 8, 12, 14) . We believe that this discrepancy can be explained by the chloroplast development in our system being primarily dependent on the developmental stage of the tissue, and thus the suppression of chloroplast development would be a consequence of the general inhibition of seedling maturation that results from the bud-induction treatment.
In conclusion, we note that the differences in gene expression that we detect between bud-induced and control embryos, are alterations in the temporal pattern of synthesis of specific proteins, that cause the later stage bud-induced embryos to maintain a protein synthesis pattern that resembles that of the germination phase in the in-vitro-germinating embryos. The first stages in the development of bud meristems, the organization of cell divisions in regions close to stomatal cells, appear already on d 12, thus immediately after the period we have studied. Although the specific cells that are active in organogenesis may respond differently to the treatment, we conclude that this de novo organogenesis event is not preceded by a major change in gene expression in the tissue, but instead possibly requires that an ontogenetically young type of growth pattern of the tissue be extended or maintained.
